Extreme spatial heterogeneity in carbonate accretion potential on a Caribbean fringing reef linked to local human disturbance gradients by de Bakker, D et al.
Glob Change Biol. 2019;00:1–13.	 	 	 | 	1wileyonlinelibrary.com/journal/gcb
 
Received:	7	August	2018  |  Revised:	26	June	2019  |  Accepted:	5	August	2019
DOI: 10.1111/gcb.14800  
P R I M A R Y  R E S E A R C H  A R T I C L E
Extreme spatial heterogeneity in carbonate accretion potential 
on a Caribbean fringing reef linked to local human disturbance 
gradients
Didier M. de Bakker1,2  |   Fleur C. van Duyl2 |   Chris T. Perry3 |   Erik H. Meesters1
This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution‐NonCommercial‐NoDerivs	License,	which	permits	use	and	distribution	in	
any	medium,	provided	the	original	work	is	properly	cited,	the	use	is	non‐commercial	and	no	modifications	or	adaptations	are	made.






















The	capacity	of	 coral	 reefs	 to	maintain	 their	 structurally	 complex	 frameworks	and	
to	 retain	 the	potential	 for	 vertical	 accretion	 is	 vitally	 important	 to	 the	persistence	



















based	 impacts	along	 the	coast,	 and	 resultant	differences	 in	 the	abundance	of	 reef	








accretion	rates	to	meaningfully	explore	 increasing	coastal	 risk	at	 the	country	 level.	







tropical	 reefs,	 the	 calcium	 carbonate	 skeleton	 of	 corals	 provides	
such	 architectural	 heterogeneity	 (Done,	Ogden,	&	Wiebe,	 1996).	
Continuous	accumulation	of	 large	volumes	of	CaCO3 thus under‐












&	 Suhayda,	 1998;	 Sheppard,	 Dixon,	 Gourlay,	 Sheppard,	 &	 Payet,	
2005).	 These	 collective	 ecosystem	 services,	 the	 maintenance	 of	
which	are	 strongly	 influenced	by	 reef	 limestone	production	 rates	
and	 accretion	 potential,	 have	 allowed	 human	 populations	 to	 set‐






ical	 coastal	 areas	 (Kench,	Ford,	&	Owen,	2018;	 Storlazzi,	 Elias,	&	
Berkowitz,	2015).	Worldwide,	many	reefs	are	currently	struggling	
to	maintain	net	positive	carbonate	budgets	due	to	environmental	










Hughes	 et	 al.,	 2003;	 Jackson,	 2001).	 The	 impact	 of	 these	 rapidly	
changing marine environmental conditions is arguably most evident 





Cramer,	 &	 Lam,	 2014).	 Moreover,	 the	 configuration	 of	 the	 coral	
assemblage	 on	 these	 reefs	 has	 generally	 shifted	 from	 historically	
dominant	 framework	 building	 species	 (Acropora	 spp.,	 Orbicella 




regarding	 species‐specific	 life‐history	 attributes	 such	 as	 accretion	













2017).	 Multiple	 endolithic	 macroborers	 and	 microborers,	 includ‐
ing	 excavating	 sponges,	 worms	 and	 bivalves,	 appear	 to	 thrive	 in	
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phology,	 reef‐fronted	 anthropogenic	 disturbance	 and	 implemented	














the	 healthiest	 reefs	 in	 the	 Caribbean	 relative	 to	 historic	 baselines	
(Jackson	et	al.,	2014)	and	available	estimates	suggest	 that	 the	 reefs	
around	Bonaire,	principally	on	the	leeward	side,	rank	among	the	fast‐
est	 accreting	 reefs	 throughout	 the	 wider	 Caribbean	 region	 (Perry	
et	 al.,	 2018).	 The	 leeward	 reefs	 of	Bonaire	 are,	 however,	 known	 to	
display	a	wide	 range	of	ecological	degradation	 from	almost	pristine	
configurations	 to	 reefs	 that	 are	 approaching	 full	 functional	 collapse	
(De	Bakker	et	al.,	2017;	Jackson	et	al.,	2014;	Steneck,	Arnold,	&	Rasher,	
2013).	 To	 assess	 the	 implications	of	 these	 variations,	we	quantified	
the	carbonate	budgets	and	 resultant	accretion	 rates	of	 reefs	across	
the	shallow	leeward	reef	(~58	km	long),	and	then	consider	these	in	the	









2  | MATERIAL S AND METHODS
2.1 | Study site and data collection
Dedicated	surveys	to	quantify	net	coral	reef	carbonate	production	










50°)	 to	 a	depth	of	25–50	m	 towards	 a	 second	 terrace	 (Bak,	 1977;	
Van	Duyl,	1985).	Net	coral	reef	carbonate	production	 (in	G,	where	
G	=	 kg	CaCO3 m
−2 year−1)	was	 determined	 from	115	 sites	 (includ‐
ing	the	island	of	Klein	Bonaire),	separated	by	a	predefined	distance	
of	 ~500	m	 and	 covering	 the	majority	 of	 the	 leeward	 reef	 stretch	
(Figure	2a).	Paired	transect	lines	(25	m)	at	each	site	were	placed	in	the	
two	shallow	zones	(LT	and	DO)	positioned	in	series	(starting	points	
10	m	apart)	and	parallel	 to	the	orientation	of	 the	reef	 front	 (Hill	&	
Wilkinson,	2004).
2.2 | Assessment of net carbonate production





produced	 by	 coral	 and	 calcifying	 algae	minus	 the	 chemical	 dissolu‐
tion	and	mechanical	removal	of	CaCO3 through bioeroding activities. 

















Perry	 et	 al.,	 2012	 and	 references	 therein).	 The	 sum	of	 the	 produc‐
tion	rates	for	each	encountered	colony	of	a	certain	species	resulted	
in	 a	 gross	 coral	 carbonate	 production	 (kg	 m−2 year−1)	 per	 transect.	











set to zero when no hard substratum was available within the tran‐
sect	(i.e.	only	sand).	The	contribution	of	sponges	to	gross	bioerosion	
was	determined	using	species‐specific	erosion	rates	for	chemical	and	
mechanical	 erosion	per	unit	 of	 infested	 substrate	 as	 defined	by	De	
Bakker	et	al.	(2018).	Cover	for	all	excavating	sponges	was	measured	












sites	 and	 50%	 for	 exposed	 sites).	 EAR	 was	 subsequently	 assessed	
against	various	projections	of	SLR	(2018	IPCC	report	Representative	
























2.3 | Reef accretion rates versus sea‐level rise
Generalized	 additive	 modelling	 (GAM)	 was	 applied	 to	 predict	 the	





for	 the	 model	 combining	 both	 zones)	 and	 individually	 fitted	 re‐
sponses	were	virtually	identical	(ANOVA,	F =	5.52,	p = .72). Inclusion 
of	 a	 separation	 between	 coral	 assemblages	 dominated	 by	 frame‐
work	 building	 or	 opportunistic	 coral	 species	 (classification	 sensu	
De	Bakker	et	al.,	2016),	however,	significantly	improved	the	model	
(80%	deviance	explained	compared	to	76.4%	for	the	model	without	
assemblage	 separation;	ANOVA,	F = 4.6,	p	 <	 .001).	 Exploration	of	



















100%	 cover	 of	 sand.	 In	 contrast,	 23	DO	and	12	 LT	 transects	 had	
a	 net	 production	 higher	 than	 10	G.	 In	 four	 of	 these	 LT	 transects,	
A. cervicornis	colonies	accounted	for	the	majority	of	the	carbonate	
production	 (87%–93%).	 In	 virtually	 all	DO	 sites	with	 a	 production	
greater	than	5	kg	m−2 year−1,	Orbicella	spp.	contributed	on	average	









to	 total	 erosion	 was	 4.3%	 (95%	 CI:	 3.6–5.0)	 and	 appeared	 to	 in‐
crease	with	increasing	human	disturbance,	with	a	mean	contribution	
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(F	=	44.9,	p < .001). Erosion by sea urchins was negligible along the 
entire	 shallow	 reef	 as	 densities	 were	 extremely	 low	 (on	 average	
0.08 urchins m–2).












Here,	 mean	 net	 production	 was	 10.94	 G	 (95%	 CI:	 7.22–15.94)	 and	
13.56	G	 (95%	CI:	 10.38–17.41)	 in	 the	 LT	 and	drop‐off	 zone	 respec‐
tively. This could largely be attributed to a still considerable mean coral 
cover	of	25%	(LT)	and	30%	(DO)	(Figure	1a,e).	The	coral	community	
in	the	no‐dive	reserve	was	dominated	by	Orbicella	spp.	colonies	that	
have	 created	 extraordinarily	 rugose	 reefs	 in	 both	 zones.	 Rugosity	
within	the	reserve	resulted	in	a	surface	enlargement	of	32%–66%	(LT)	
and	95%–133%	 (DO)	 (Figure	1c,g),	with	a	mean	 reef	elevation	 from	
the	bottom	of	24.4	and	104.1	cm	respectively	(Figure	1d,h).	Such	reef	
characteristics	were	also	found,	although	to	a	lesser	extent,	in	Reserve	
2	 (Figure	 1).	 Reefs	 on	 the	 southern	 side	 of	 Bonaire	were	 generally	
characterized	by	the	absence	of	well‐developed	structural	complexity,	
generally	 low	 live	coral	cover,	 little	hard	substratum	and	substantial	








The	estimated	mean	 reef	accretion	 (EAR)	of	 the	shallow	reef	
was	 1.33	mm/year	 (95%	CI:	 1.09–1.58),	 but	 showed	 remarkable	
variation	among	zones	and	sites	 (Figure	2).	Mean	EAR	for	the	LT	
zone	was	0.67	mm/year	(95%	CI:	0.38–0.97)	and	was	substantially	





tral	 sections	of	 the	LT	 zone	 could	be	 characterized	 as	only	mar‐
ginally	 growing	 (Figures	2d	 and	4).	 In	 both	 reef	 zones,	 relatively	
high	EAR	was	observed	in	subregion	1	and	the	area	ranging	from	
halfway	between	subregion	7	to	subregion	11	(Figure	2).	Relatively	
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would	currently	track	the	RCP	4.5	(6.9	mm	SLR	per	year)	rate	and	
only	two	sites	the	RCP	8.5	(9.4	mm	SLR	per	year)	rate	(Figure	4).	
For	 the	DO	zone,	 these	 relationships	are	23,	12,	and	1	sites,	 re‐
spectively.	Highest	EAR	was	 found	 in	marine	 reserve	1	and	was	
estimated	to	be	6.07	mm/year	(95%	CI:	4.19–8.31)	for	the	DO	and	
3.77	mm/year	(95%	CI:	1.33–7.01)	for	the	LT	(Figure	2d,e).
The	 capacity	 of	 reefs	 to	 achieve	 vertical	 accretion	 showed	 a	
strong	correlation	with	 the	degree	of	 anthropogenic	disturbance	


















of	 the	water	 column	overlying	 the	 reef	will	 start	 to	 increase	with	
time	even	without	 taking	 into	 account	 SLR	 and	 the	 effects	 of	 ex‐
treme	 events	 that	 might	 increase	 physical	 framework	 loss	 rates.	
The model also suggests that the coral communities dominated by 
















































cervicornis	 stands	 (Figure	4,	blue	points).	All	 LT	sites	with	A. cervi-
cornis	cover	had	a	positive	EAR,	even	with	relatively	low	coral	cover	
(Figure	4).	Whilst	currently	LT	reefs	are	mainly	dominated	by	sand	or	








cervicornis stands (all lower terrace)












phase.	 Current	 estimates	 of	 carbonate	 production	 also	 show	 that	
only	a	few	sections	of	the	leeward	fringing	reef	appear	to	have	the	
accretion	 capacity	 to	 maintain	 their	 present	 depth	 configurations	
under	projections	of	future	SLR.	Furthermore,	our	high	spatial	res‐


































Some	structurally	 complex	DO	 reefs	dominated	by	 framework	









Marine	 Park	 Management	 Plan	 2006).	 Particularly	 high	 levels	 of	
gross	carbonate	production	are	found	in	the	marine	reserve,	where	





istence	 does	 indicate	 the	 potential	 of	 these	 reefs	 to	 continue	 to	
prevail	under	the	currently	unfavourable	global	environmental	con‐
ditions	when	harmful	local	anthropogenic	interference	is	minimized.	
Conversely,	 the	 reefs	 in	 front	 of	 Kralendijk,	 and	 explicitly	 the	 LT,	
receive	extensive	direct	impact	through	a	variety	of	anthropogenic	
stressors	 including	 run‐off,	 sedimentation	 and	 sewage	 drainage.	
The	continuous	detrimental	impact	of	this	centre	of	human	activity	
has	 led	 to	 a	 near‐complete	 functional	 collapse	 of	 the	 reef	 system	
in	 this	 area,	most	notably	on	 the	LT.	These	 findings	underline	 the	
importance	of	understanding	heterogeneity	in	local	conditions	and	
F I G U R E  5   Decline in Acropora 
cervicornis since the 1980s. Estimated 
percentage	cover	of	A. cervicornis along 
the	leeward	coast	of	Bonaire	and	Klein	
Bonaire based on data collected between 
1981	and	1983	(a)	(Van	Duyl,	1985)	and	
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support	 the	claim	 (e.g.	Knowlton	&	Jackson,	2008)	 that	 locally	 fo‐
cussed	conservation	efforts,	including	the	restoration	of	framework	




shallow	 reef	 habitat	 of	 Bonaire	 is	 1.1	 kg	m2 year−1. This is below 
previous	 (1970s	and	1980s)	estimates	on	Caribbean	reefs	 (Scoffin,	
1980;	Stearn,	Scoffin,	&	Martindale,	1977),	but	comparable	to	some	
more	 recent	 estimates	 from	 sites	 around	 Florida	 and	 the	 Greater	
Antilles	(Perry	et	al.,	2018,	2013).	In	pilot	work,	Perry	and	colleagues	
found	the	average	production	rates	across	a	few	Bonaire	reef	sites	
to	 range	 from	−1.74	 to	15.25	G	on	 the	LT	and	2.62	 to	14.46	G	 in	
the	DO	zone.	These	 rates	are	comparable	 to	our	 findings,	but	our	
data	provide	a	unique	insight	into	how	these	rates	(and	the	processes	
driving	 them)	 vary	 along	 the	 coast,	 and	 how	 these	 are	 correlated	








proaching	 pre‐industrial	 accretion	 rates	 to	 sites	with	 considerable	
net	erosion	 rates,	 reveals	 that	 transect	placement	or	 the	 inclusion	
of	too	few	sites	can	strongly	affect	the	outcome	of	survey	studies.	
Indeed,	 insufficient	sampling	density	could	easily	 lead	to	 incorrect	
conclusions	about	the	state	of	a	reef,	which	in	turn	can	result	in	in‐
adequate	management	efforts.
Overall,	 mean	 vertical	 accretion	 (EAR)	 for	 the	 shallow	 reef	
of	Bonaire	was	 estimated	 to	 be	1.33	mm/year,	 and	was	 consider‐















coral	 cover	 that	 is	 limited	 to	 opportunistic	 corals,	 rather	 than	 the	




contribute	disproportionally	 to	 reef	 accretion	 rates	 (Figures	4	 and	
5)	and	structural	complexity	(Alvarez‐Filip,	Côté,	Gill,	Watkinson,	&	
Dulvy,	2011a;	Alvarez‐Filip,	Dulvy,	Côté,	Watkinson,	&	Gill,	2011b).	
Whilst	 there	 thus	appears	 to	be	a	widespread	perception	that	 the	
Bonaire	coral	reefs	are	relatively	‘healthy’,	our	data	show	that,	tak‐
ing	into	account	the	loss	of	these	principal	calcifiers,	declining	coral	




The	 actual	 or	 relative	 submergence	 of	 the	 reef	 canopy	 and	
the	 loss	of	a	complex	carbonate	framework	have	severe	 implica‐
tions	 for	 reef	 ecological	 functioning	 and	 biodiversity	 (Kennedy	
et	 al.,	 2013).	 Simultaneously,	 declining	 structural	 complexity	 in	




et	 al.,	 2018).	 Several	 recent	 studies	 point	 out	 the	 augmented	




changing	 storm	 patterns,	 many	 low‐lying	 tropical	 areas	 will	 al‐
ready	become	uninhabitable	 in	 the	 coming	decades	 (Hopkinson,	
Lugo,	Alber,	Covich,	&	Bloem,	2008;	Quataert,	Storlazzi,	Rooijen,	
Cheriton,	&	Dongeren,	2015;	Slangen	et	al.,	2014;	Storlazzi	et	al.,	
2018;	Vitousek	 et	 al.,	 2017).	 The	 shore	of	 southern	Bonaire,	 in‐
cluding	 Kralendijk,	 which	 only	 rises	 approximately	 1	 m	 or	 less	
above	mean	sea	level	(Mücher,	Suomalainen,	Stuiver,	&	Meesters,	
2017;	Van	Duyl,	 1985),	 is	 therefore	 especially	 susceptible	 to	 in‐
undation	 and	 erosion.	 Worryingly,	 the	 reefs	 that	 are	 supposed	
to	help	diminish	wave	energy	 in	 this	 area	are	 currently	 in	 a	par‐
ticularly	poor	state	with	a	negligible	reef	accretion	(<1	mm/year)	
and	 widespread	 loss	 of	 structural	 3D‐complexity.	 Of	 relevance,	
we	 note	 that	 Bonaire	 has	 already	 been	 experiencing	 repeated	
flooding	in	this	region	during	the	passing	of	storms	and	hurricanes	
(https	://www.youtu	be.com/watch	?v=YvZuA	hJ‐7pg).




the	 expected	 changes	 in	 reef	 functioning	 or	 reef	 services	 follow‐
ing	 a	 reduction	 in	 accretion	 potential.	 Nonetheless,	 the	 concerns	
raised	here	have	significant	 importance	for	 local	management	pol‐
icies.	Considering	projections	of	increased	frequency	and	intensity	






restoring	 and	 preserving	 the	 carbonate	 production	 potential	 and	
general	resilience	of	Acropora and Orbicella	reefs.	Reefs	dominated	
10  |     BAKKER Et Al.
by	 these	 framework	 builders	 actually	 have	 the	 potential	 to	 retain	
accretion	 rates	 necessary	 to	 ensure	 proper	 reef	 functioning	 and	
protect	sensitive	low‐lying	coastal	areas.	On	Bonaire,	this	would	be	
the	 region	 from	 the	 town	of	Kralendijk	 to	 the	 southern	 tip	of	 the	
island	where	 the	 coastal	 shore	 zone	 is	 already	 suffering	 from	 the	
effects	 of	 the	 loss	 of	 natural	 coral	 reef	wave	breakers	 and	where	
socio‐economic	implication	will	be	greatest.	It	is	to	be	expected	that	
these	findings	are	rather	 the	rule	 than	the	exception	for	 low‐lying	





current	 best	 estimates	 of	 the	 present‐day	 rates	 and	 processes.	










can	 have	 an	 important	 role	 in	 net	 reef	 accretion	 and	 sea	 floor	
elevation	 change	 (Yates	 et	 al.,	 2017)	 it	 is	 unlikely	 that	 including	
these	would	 significantly	 change	 the	 conclusions	drawn	here	on	
the	 state	 of	 some	 of	 the	 “best”	 reefs	 in	 the	 Caribbean.	We	 do,	
however,	encourage	the	integration	of	such	relevant	aspects	into	
existing	methodologies	 to	 quantify	 reef	 accretion.	 Furthermore,	
by	 excluding	 the	most	 shallow	 reef	 zones	 (<5	m	depth),	 it	 is	 not	
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